Measuring
Critical flicker frequency (CFF) is useful to assess the effects ofpsychotropic drugs.l~ Determination of the CFF is considered to be one of the best methods to assess the postoperative recovery of mental function because of its high sensitivity and reliability.
Critical flicker fusion is the frequency at which a flickering light source appears to be continuous, t'4 It measures a perceptual threshold. The most common method of determining the CFF is the method of limits in which the frequency of flicker is slowly decreased (or increased) until the subject reports onset of flicker (or loss of flicker). The CFF obtained with this method depends on two factors: the perceptual threshold, the factor to be measured, and the response bias, a confounding factor. 4~6 The response bias is the set of internal rules used by the subject to decide whether or not flicker is perceived at any given frequency. The response bias depends on the perceived benefits and costs associated with correct and incorrect decisions. With the method of limits, it is impossible to determine whether changes in CFF arise from alterations in the perceptual threshold or in the response bias. In theory, changes in CFF measured with the method of limits could be caused solely by changes in the response bias. Another disadvantage of the method of limits is the requirement for the patient to report promptly the onset (or loss) of flicker sensation. If the response delay (i.e., the interval between perception and report) is long or variable, erratic results are obtained.l" 4 A simple way of eliminating the effect of response bias and of response delay is to use the method of forcedchoice. 4 For each trial, the subject observes the light during two short, successive periods. The light flickers during only one of the two periods, according to chance. The patient must indicate the period during which the light flickers. If uncertain, the patient must nevertheless respond with the best guess. The highest frequency at which the CANADIAN JOURNAL OF ANAESTHESIA patient correctly identifies the flickering light is the CFF. Because the subject must make a positive response on each trial, there is no response bias. Despite the superiority of the forced-choice method, 4 the anaesthesia literature on CFF relies solely on the method of limits. With only one exception, 7 the problem of response bias has been ignored.
We have compared the two methods of measuring CFF during recovery from general anaesthesia induced with either thiopentone or midazolam and maintained with isoflurane and N20. We have used induction agents with different recovery profiles to compare the two methods in their ability to identify differences in the speed of recovery.
Methods
The study was approved by the Hospital Ethics Committee, and written consent was obtained for all patients. Twenty healthy (ASA physical status I-II) patients aged 20-65 yr and having body surface surgery not exceeding 120 min were tested. Some patients had refractive errors but none had known ocular pathology. The patients were randomly allocated to either midazolam or thiopentone as induction agent (ten patients per group, open label).
No premedication was given. Fentanyl, 3 I~g' kg -1, was administered two minutes before induction. The patient then received midazolam (0.2--0.3 mg. kg -1) or sodium thiopentone (5-7 mg. kg-l). The trachea was intubated with the aid ofvecuronium 0.1 mg. kg -I given after loss of the eyelash reflex. Anaesthesia was maintained with N20 (60% end-tidal) and isoflurane (0.5-1% end-tidal) in O 2. The lungs were mechanically ventilated to end-tidal PCO2r of 32--40 mmHg. Increments of fentanyl 0.5-1 p,g. kg- -1 were added as needed. The end-tidal isoflurane concentration was reduced to 0.3% for at least 15 min before the end of surgery. Residual paralysis was antagonized by neostigmine and glycopyrrolate. The trachea was extubated when the patient was awake.
Critical flicker frequency
Critical flicker frequency (CFF) was measured with a device assembled in our laboratory, using a goggle with a built-in red light-emitting diode (4 mm diameter, peak wavelength: 660 rim, viewing distance: 1 cm). The person measuring the CFF was not aware of the induction agent used. The patients used their dominant eye, while the other eye was occluded with an opaque goggle. The mean luminous intensity was 2.6 millicandellae. The mean intensity was the same for all assessments. Flickering was produced by a sinusoidal wave form with 100% modulation (peak intensity 0.0 and 5.2 miUicandellae). CFF was determined before induction (baseline) and 60,120,180 rain after arrival in the recovery area.
PUPILLARY DIAMETER Changes in pupillary diameter affect the CFF with changes in retinal illuminance ! (i.e., the amount of light reaching the retina). To avoid the confounding effect of changes in pupillary diameter, the use of an artificial pupil has been recommended. ! An artificial pupil is an opaque screen with a two millimetre circular orifice, through which the subjects look at the light source. Since the orifice is smaller than the smallest pupillary diameter that can be achieved, the amount of light reaching the retina remains constant. The use of an artificial pupil in heavily sedated patients who have poor control of their eye movements is not practical. The second-best method, which we have adopted, is to measure the pupillary diameter and use statistical procedures to detei'mine if changes in pupillary diameter would account for CFF changes. The pupillary diameter was therefore measured with a pupil gauge before each determination of CFF.
THE METHOD OF LIMITS
The staring frequency was 60 Hz. Progressively the frequency was decreased at the rate of 1.3 Hz. sec -l until the patient reported flicker. Frequency at which flicker was reported was recorded. The procedure was repeated until three consistent values (within 3 Hz) were obtained, and the mean value was used. THE METHOD OF FORCED CHOICE For each trial, the subject observed the light during two successive one-second periods. During one period, the light was flickering at a given frequency, while in the other, the light was steady. Whether flicker occurred in the first or second period was determined randomly (P = 0.5). The subject must identify the period during which flicker occurred, even if he or she had to guess. The pair of onesecond periods (with the same order-flicker, non-flicker) may be presented up to four times within each trial, if the subject so requests. The starting frequency is 30 Hz and was initially increased by 2 Hz steps until the patients requested to see the stimuli more than once for a given trial. The step is afterward reduced to 1 Hz. The last frequency for which the patient correctly identifies the flicker period was recorded. The procedure was repeated twice, and the mean value was used for scoring. The method of forced choice with one Hz steps and two possible choices systematically overestimated the true flicker threshold by one Hz (see Appendix).
The method of limits was always used before that of forced-choice, beeanse performing forced-choice trials immediately before limit trials can influence the response bias. Measuring the CFF with either method requires 2-3 minutes.
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Analysis
The characteristics (age, etc.) of the midazolam and thiopentone groups were compared with t tests. The CFF results were analyzed with an analysis of variance (ANOVA) with three factors: time, CFF method and drug. The time factor consisted of four repeated levels-baseline and 60, 120, 180 min after arrival in the recovery area. The CFF method factor included two repeated levels: the method of limits and the method of forced choice. The drug factor consisted of two non-repeated levels: thiopentone and midazolam. Geisser-Greenhouse adjustment of the degrees of freedom was used for the time factor and interactions. Tukey's honestly significant difference test was used for post-hoc testing. T tests based on the pooled estimate of variance were used to compare midazolam versus thiopentone at each assessment time for each method. Least squares linear regression and the Pearson correlation coefficient (r) were used to examine the relationship between the two methods at each assessment time. s
The pupillary diameter results were analyzed with an ANOVA with two factors: time and drug. Because there were significant changes in pupillary diameter with time, and because changes in pupillary diameter influence CFF via changes in retinal luminance, an analysis of covariance (ANCOVA) with two factors (time and drug) was performed on the CFF results with pupillary diameter as a time-varying covariate. This was done separately for the limit and forced-choice methods, s Unless otherwise specified, all statistical procedures were performed with the CSS STATISTICA programme (V 3.0 for PC) (StatSoft ~, Tulsa, OK 74104, USA). A P < 0.05 was considered significant except for the pooled t tests for which P < 0.017 was required (Bonferroni, three tests).
Results
The thiopentone and midazolam groups were comparable with regard to sex ratio (six men in each group), age (35.3 ---13.8 yr (mean • SD) for thiopentone and 35.4 ---14.0 yr for midazolam), duration of surgery (86 ---25 min for thiopentone and 90 ---23 min for midazolam), time between end of surgery and arrival to the recovery room (9.8 • 3.9 min for thiopentone and 13.6 • 6.2 min for midazolam), total dose of morphine received in the recovery room (4.1 ---3.4 mg for thiopentone and 3.0 • 3.1 mg for midazolam) and total dose of droperidol received for nausea and vomiting in the recovery room (0.22 • 0.36 mg for thiopentone and 0.24 • 0.25 mg for midazolarn).
Three patients from the midazolam group missed one assessment because of nausea, vomiting or poor cooperation. This occurred at 60, 120 and 180 min. Two patients from the thiopentone group also missed one assessment. The results are illustrated in Figures 1 and 2 . The ANOVA yielded two significant effects: time (P < 0.001) and method (P < 0.01) There was no significant effect for drug and no interactions. The CFF at baseline was higher than all other values (P < 0.01), while the CFF at 60 min was lower than all other values (P < 0.01). The means collapsed across methods and drugs were: baseline minute: 57.4 Hz; 60 rain: 44.6 Hz; 120 rain: 50.7 Hz and 180 min: 52.4 Hz.
The CFF with forced choice was higher than the limit method. The means collapsed across time and drug were 53.2 versus 49.3 Hz.
The pooled t test indicated that the CFF for midazolam was lower than for thiopentone at 60 rain with the forcedchoice method (44.2 vs 51.1 Hz, P < 0.01), and the limit method (38.3 vs 44.6 Hz, P < 0.01). No other significant differences between the two drugs were found.
The ANOVA for pupillary diameter yielded an effect (P < 0.01 ) for time. The pupiUary diameter at baseline (3.2 -0.4 min) for thiopentone and midazolam groups combined was (P < 0.01) larger than during all other periods (60 rain: 2.7 -+ 0.4 min; 120 min: 2.8 -.+ 0.4 rain and 180 min: 2.9 -0.4 rain). The ANCOVAs revealed no relationships between pupillary size and CFF changes (P -NS). The relationship between the two methods is shown in Figure 3 . There was a correlation between the method of limits and the method of forced choice only at 60 min (r = 0.6, P < 0.005) and at 120 rain (r = 0.8, P < 0.001). At baseline and 180 rain, the r was respectively 0.2 and 0.3, (P -NS).
Discussion
We found that the two methods of measuring the CFF yielded similar recovery profiles. For both the thiopentone and midazolam groups, maximal depression of CFF occurred at 60 min postoperatively, and was followed by gradual recovery. The CFF at 180 min was still significantly lower than the baseline value. The CFF for the midazolam group was lower than that of the thiopentone group at 60 min. These findings confirm that recovery following induction with midazolam is slower than with thiopentone 7'1~ and that CFF is reduced following thiopentone 7 or midazolam, ll'12 The analysis of covariance showed that the CFF changes could not be solely ascribed to changes in pupiUary diameter.
As expected, the forced-choice method yielded higher CFF values than the method of limits (53.2 vs 49.3 Hz, i.e., a difference of 3.9 Hz). Two factors account for the difference: (1) the forced-choice method overestimates the true threshold by one Hz, when two alternatives are used (see Appendix); and (2) even if one corrected the systematic, i.e., one Hz overestimation, the forced-choice method yields a perceptual threshold which is undoubtedly higher than that required for perceiving flicker with certainty. 
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There was a good correlation between the CFF measured with the forced choice and limit methods at time 60 and 120 min. There was, however, no correlation between the two methods, at baseline and at 180 min, when the patients were more alert. We have no explanation for the absence of correlation. The findings suggest that response bias occurs mostly when the patient is alert.
Should the method of forced choice replace the more popular method of limit? We believe so, for three reasons. The method of forced choice is easy to use, it eliminates the problem of response bias and removes the need for prompt notification of perceptual changes by the patient. This last advantage was most appreciated because, with the method of limits, there is always concern about patients taking too long to respond because of drowsiness, inattention or poor motivation. Without prompt notification of changes in perception, the method of limits yields erratic results, explaining perhaps why CFF is sometimes considered unreliable.t3
Rather than using only one light source and having the patient indicate the period during which flickers occur, as we have done, it would be simpler, as suggested by Wesnes et al., 4 to use two (or more) light sources (only one flickering for any trial) and have the patient identify the flickering light. Care should be taken to ensure that the lights are identical in all respects. This should be established beforehand, by showing that the detectability of flicker is the same for both lights.
We conclude that the method of forced choice is superior, and should be preferred over that of the more commonly-used method of limit for measuring CFF in anaesthesia. Another suggestion is to take into account the changes in the pupillary diameter. If these suggestions are followed, we feel that the usefulness of CFF for assessing the effects of drugs on the CNS will be enhanced. Consider a flicker discrimination task that requires the subject to determine the period during which the light is flickering. It is assumed that at any flicker frequency below the critical flicker frequency, CleF, the subject is always able to make the correct choice. Above CFF the choice of flickering light is considered random, with the probability of a correct guess being 1/2. The frequency at which the first incorrect flicker determination occurs is recorded. Because of the assumptions, the estimated CFF (CFF~t) is never less than the CFF, but may be greater due to a series of correct guesses at frequencies above CFF. It is assumed that the actual CFF is close to an integer value; this is not necessary to the arguments, but simplifies understanding. A closer estimate of CFF can be made by reducing the frequency step.
At the first frequency step above CFF, CFF + 1 in this case, the test subject is guessing. Half of the time the guess will be incorrect and so, for half of all trials, CFFes t will equal CFF. For the other half of all trials, CFF~t will be greater than CFF. Amongst this subset of trials, half again will have a miss at CFF + 2, the next frequency step. The other half have a hit at CFF + 2. In the first case, the CFFes t is CFF + 1, in the second CFF~t is greater than CFF + 1. At this point in the argument, the CFFes t equals CFF in half of all trials and equals CFF + 1 in another 1/4 of all trials. CFFes t is greater than CFF + 1 in the remaining 1/4 of all trials. Now consider this last subset of trials. Using the same reasoning as above, half of these trials yield a CFF,.st of CFF + 2 and half yield CFFes t greater than CFF+ 2.
Continuing the argument, a series is generated for the average estimate CFF: Substituting these into Eq. 2 above yields:
CFFes ' = CleF + 1
CFFest, averaged over a large number of trials, overestimates the actual CFF by one Hz.
